Abstract: The paper reports a recent development of a narrowband high temperature superconducting (HTS) bandpass filter for future mobile communication systems. The filter is designed to have a 5 MHz passband in the UMTS base station's receive band. The filter exhibits an 8-pole quasi-elliptic function response implemented with a cascaded quadruplet coupling structure. The filter was fabricated on a 0.43 mm-thick sapphire wafer with double-sided YBCO films. The measured filter showed a midband insertion loss of 0.5 dB at 1973 MHz and a return loss better than À15 dB over the passband. It also exhibited an excellent rejection over the entire UMTS base station transmission band.
Introduction
The HTS filters have been attractive for mobile communications applications [1] [2] [3] [4] [5] [6] [7] [8] [9] since the rapidly increasing demand for mobile communications puts challenges on both technology and system to conserve valuable frequency spectrum and enhance the performance. The system benefits from the HTS filters are mainly due to their high selectivity and low insertion loss. However, for commercialisation of the HTS devices, the cost-effectiveness plays an important role, among other factors.
For fabrication of HTS thin film devices three single crystal substrates are commonly used, which are lanthanum aluminate (LaAlO 3 ), magnesium oxide (MgO) and aluminium oxide (Al 2 O 3 ). The aluminium oxide or sapphire has been known as a very good dielectric material with extremely low dielectric loss. Its dielectric loss tangent is in the range of 10 À7 to 10
À8
. Sapphire substrate has been successfully used for growing high quality YBCO thin films, and does not suffer from twin boundaries as lanthanum aluminate substrate does. Mechanically, sapphire substrate is much stronger than MgO substrate, and hence is easier for handling. Sapphire is also known to be a very good thermal conductor, which reduces the thermal gradient on HTS devices working at a low temperature. More attractively, as compared with MgO and lanthanum aluminate substrates, sapphire substrate can be made to a larger size at a lower cost. Therefore, there is increasing interest in using sapphire substrate for fabrication of the HTS filters [5] [6] [7] [8] [9] .
In this paper, we present the recent development of an 8-pole narrowband HTS microstrip bandpass filter on an rplane sapphire substrate for 3G and future mobile communications applications where very narrowband filters are required. The design of a cascaded quadruplet (CQ) bandpass filter with a fractional bandwidth of 0.25% within a 3G UMTS base station receive band (1920-1980 MHz) is described, which includes circuit and electromagnetic (EM) modelling as well as sensitivity analysis, and fabrication and experimental results are presented.
Filter design
For our HTS filter design, we have used a cascaded quadruplet (CQ) coupling structure as shown in Fig. 1 , where each quadruplet resonator section consisting of a crosscoupling will produce a pair of transmission zeros at finite frequencies. Thus, this 8-pole filter can have two pairs of transmission zeros allocated near to the passband edges so as to achieve high selectivity with fewer resonators. Another advantage of using a CQ structure is that each pair of transmission zeros can be tuned independently. This makes the tuning, which is essential for narrowband filters, somehow easier. The circuit model of Fig. 1 was created with Microwave Office, a commercially available software [10] , where each quarter-wavelength line that has electrical length EL ¼ 790 degree at the central frequency of the passband functions as an immittance inverter to represent the coupling between the associated pair of resonators. All the resonators are supposed to be synchronously tuned at the central frequency
. The other circuit parameters are related, following the formulations given in [11] , to a set of desired coupling coefficients M jk and external quality factors Q ei=o :
The ideal performance of the filter, predicted by the circuit mode, is plotted in Fig. 2 . As can be seen, the filter has a passband of 5 MHz centred at 1968 MHz, and exhibits high selectivity resulting from the two pairs of transmission zeros. For the implementation of this filter using HTS thin films, we have developed a new 8-pole microstrip bandpass filter [12] , as shown in Fig. 3 . The dielectric substrate used is the r-cut sapphire substrate, which not only allows high quality YBCO films to be produced, but also is a low-cost standard industrial wafer. However, since the dielectric properties of sapphire are anisotropic, the relative dielectric constant is not a single value but a tensor given bŷ e e ¼ in Cartesian co-ordinates with the z-axis being parallel to the principal crystal axis (c-axis) of sapphire. For our primary design, we used an effective dielectric constant of 10.0556. The arrangements of resonators in Fig. 3 not only allow the required couplings to be implemented, but also allow each resonator to experience the same permittivity tensor. This means that the frequency shift of each resonator due to the anisotropic permittivity of sapphire substrate is the same, which is very important for the synchronously tuned narrowband filter. The design of this type of microstrip filter followed the procedures described in [11] . Starting with a set of desired coupling coefficients and external quality factors, full-wave EM simulations were performed to extract these desired design parameters so as to determine the physical layout with all the dimensions. Figure 4 shows the EM simulated performance of the designed filter, which was simulated with a commercially available full-wave EM simulator [13] . Although the EM simulated results have confirmed the design in principle, one can see that the simulated frequency response is not ideal. The simulated performance shows the desired bandwidth with two pairs of transmission zeros, but we observe an asymmetrical frequency response with some mismatching in the passband. Before interpreting the EM simulated results, we need to point out that for the EM simulation the smallest cell size used is 25 mm to reduce the memory requirement and the simulation time. This implies that all the dimensions were rounded off to the nearest ones with a precision of 25 mm, and as a result of this all the resonators became asynchronously tuned. Adding the effect due to nonideal couplings in the EM model, this explains the discrepancy between the ideal and EM-simulated performances.
For the development of the narrowband filter it is also important to carry out the sensitivity analysis since a narrowband filter tends to be more sensitive to the tolerances in both the design and fabrication. To this end, we have performed a series of sensitivity analyses based on the circuit model of Fig. 1 , and the results are plotted in Figs. 5-7. The shading in Fig. 5 indicates the changes in frequency response of the 8-pole HTS filter due to the 710% variations of the two crosscouplings, i.e. M 14 and M 58 . It has been shown that varying M 14 mainly affects the locations of the two outer transmission zeros whereas the change in M 58 has more effect on the locations of the two inner transmission zeros. Figure 6 shows the results of sensitivity analyses when the variation only occurs for each of the direct couplings. Again all the variations are within 710% of the desired couplings of (1). We notice that the does. This is because the first quadruplet section was designed to produce these two outer transmission zeros. In a similar pattern we see that, like the variation of M 58 , the varying of M 56 , M 67 and M 78 has more effects on the frequency responses around to the inner pair of transmission zeros which were designed to be controlled by the second quadruplet section. One can also observe that the coupling M 45 is the least sensitive parameter for this type of filter. The analysing results for the asynchronously tuned filter are given in Fig. 7 , where each diagram shows the sensitivity of frequency response against the variation of resonant frequency of each resonator. The resonant frequency was supposed to be changed within 70.2% of the midband frequency, i.e. 196874 MHz. In contrast to the couplings, it is evident from the given results that the asynchronous tuning causes much more distortion in the desired filter response and therefore tuning resonators -in particular resonators 2-7 and is of great importance for this narrowband filter.
Fabrication and experiment
The filter was then fabricated on a 0. 43 mm-thick sapphire (Al 2 O 3 ) wafer with double-sided YBCO films. The YBCO thin films have a thickness of 300 nm and a characteristic temperature of 87 K. Both sides of the wafer are gold-plated with 200 nm thick gold (Au) for the RF contacts. The wafer is commercially available from THEVA, a company in Germany. The fabricated HTS filter used a wafer size of about 47 Â 17 mm, which was assembled into a test housing as shown in Fig. 8a for measurements. For our experiments, we have only arranged some sapphire tuners on the lid to tune the resonant frequencies of eight HTS resonators, which can be clearly seen from Fig. 8b . This is because the frequency tuning is more important for this type of narrowband filter as discussed in the preceding Section. The RF measurement was made using an HP network analyser and in a cryogenic cooler. Figure 9 shows the measured results at 65 K and after tuning the filter. The tuning is usually requested for a narrow band filter since there are tolerances in both the wafer thickness and fabrication.
From Fig. 9a we can see that the measured band centre frequency is B1973 MHz, which is higher than the simulated band centre frequency. This is because the centre frequency is dependent on the orientation of the filter on the sapphire wafer as a result of anisotropic dielectric property. To achieve better agreement between the measured and simulated band centre frequencies, we can simply use another effective dielectric constant slightly smaller than 10.0556 for the given orientation of the filter on the wafer. The measured insertion loss at the band centre is B0.5 dB, including the losses of the contacts. The resonator Q could be estimated to be 450 000. The measured return loss shown in Fig. 9a is in 5 dB per division, and is better than À15 dB across the passband. Two desired transmission zeros are clearly seen on the high side of the passband. It would seem that only one transmission zero on the low side of the passband is observable from Fig. 9a , but, as matter of fact, there is another transmission zero which could not be observed clearly due to the frequency resolution. We also measured the wideband response of the filter, and the results 
are plotted in Fig. 9b , showing the excellent rejection and clean response without harmonics or spurious modes over the entire UMTS transmission band (2110-2170 MHz).
Conclusion
This paper has presented a narrowband HTS bandpass filter for future mobile communications systems. The filter 
